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Abstract
An important hydrographic phenomenon in the Yellow Sea is the surface cold patches
(SCP) in warm seasons, among which the most conspicuous are the Shandong SCP, Subei
SCP, and Mokpo SCP. Previous studies based on monthly mean fields propose that these
patches result from the collaboration of tidal mixing and tidal induced upwelling. While
this is true for patches like the Shandong SCP, the monthly mean tidal mixing and
upwelling alone cannot explain all their formations. In this study, through a detailed
analysis of their patterns over a spring-neap tidal cycle, it is found that the Subei and
Mokpo SCPs show distinct spring-neap variations. During the neap tide phase, strong
stratification is established, and hence the cold patches in these two areas may be greatly
weakened or even suppressed, while during the spring tide phase, the surface tempera-
ture reaches its minimum. That is to say, for these two SCPs, besides the well-accepted
mechanisms, the effect of spring-neap tidal variation must be taken into account.
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1. Introduction
The Yellow Sea is the northern part of the East China Sea, a western Pacific marginal shallow sea
surrounded by China and Korea (Figure 1). Approximately, it has a meridional extension of
960 km, a zonal extension of 700 km, and an average depth of 44 m, with a maximum of 100m in
the central trough. Its sea bottom and shores are full of sand and silt carried by the Yellow River
(Huanghe) and other rivers. These deposits, together with the sand storms from the Gobi Desert,
turn the surface of the water golden yellow, making it one of the four seas named after color—
the others being the Black Sea between Eastern Europe andWestern Asia, the Red Sea near Gulfs
of Aden and Suez, and the White Sea on the northwest coast of Russia.
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It has long been observed that cold water masses prevail in warm seasons in the deep or
bottom layers of the central Yellow Sea. These are the Yellow Sea Cold Water Mass (YSCWM),
a conspicuous phenomenon which has attracted wide attention from physical oceanographers
Figure 1. Bathymetry of the study area (contour interval: 30 m).
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ever since 1921 [1]. YSCWM is induced by bottom topography and summer atmospheric
conditions. It has a double-cell circulation. It is believed to have a double-cell circulation. The
detailed circulation, however, is still controversial. Proposed so far are three structures: (1)
above the thermocline, it is an anticyclonic horizontal circulation with downwelling at the
center and upwelling around; below the thermocline the circulation is the opposite [2]; (2) the
double cell is formed by convection, with upwelling at the center through the whole water
column and downwelling near the coast [3]. But the convection is limited within a thin shell,
outside which the water is almost motionless in the vertical direction; and (3) based on the
observations and numerical modeling, Su and Huang [4] found a structure similar to (1), but
with totally opposite flow directions. That is to say, it is a cyclonic flow above and an anticy-
clonic flow below, with the accordingly vertical circulations. All these, however, are yet to be
verified with more observations.
Around the YSCWM, we often observe cold centers at the sea surface (e.g., [5, 6]), in contrast to
the ambient high SST in boreal summer. These are the surface cold patches (SCPs). For the
SCPs off Mokpo, Korea, their generation has been ascribed to tidal mixing (e.g., [7]). But details
are yet to be revealed. Recently, Lu et al. [8] reported that tidal mixing and tide-induced
upwelling may collaborate to lead to the formation of the SCPSs. By observation, the patches
sit along the slope of the Yellow Sea trough, where intensified tidal mixing occurs. The abrupt
change of bathymetry tends to increase the velocity shear and hence enhance the vertical
mixing, while the enhanced mixing will change the horizontal density distribution, leading to
a secondary upwelling. This is further substantiated by the observation that the SCP sites agree
with the occurrences of maximal tidal currents, which result in extensive tidal mixing and, by
the above argument, strong upwelling (cf. Figure 12 in [8]).
The generating mechanism via tidal mixing implies that there must be a good correspondence
[8, 9] between the SCP locations and the Simpson-Hunter index [10],
SH ¼ log H=jU3j
 
, (1)
(where H and U are, respectively, the water depth and the amplitude of the tidal velocity),
which describes, for the summer shelf seas, the influence of surface buoyancy input and tidal
mixing in controlling the water column structure. By the SH distribution, there are three
conspicuous fronts in the Yellow Sea; they are, in a clockwise order, Subei Bank Front (SBF),
Shandong Peninsula Front (SPF), and Mokpo Front (MKF) [11]. Correspondingly, three most
conspicuous SCPs are identified. Through comparative experiments, it is found that the SCPs
off Shandong and Mokpo are mainly induced, respectively, through tidal mixing and tide-
induced upwelling, while the Subei SCP is generated through a combination of the two
mechanisms. In a word, tidal mixing and tide-induced upwelling are the two key factors in
the formation of the SCPs.
The above analyses are with the monthly mean maps of the summer sea surface temperature
(SST). However, by observation, the SCPs actually do not last throughout the summer; they
sometimes disappear. A monthly mean analysis may exclude some possible mechanism(s) in
arriving at the mean fields. In fact, we do see such an example in Chesapeake Bay, where the
spring-neap tidal cycles are found to exert effects on the turbulent mixing, stratification, and
residual circulation [12]. For the Yellow Sea (and the surrounding seas like Bohai Sea and East
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Sea), satellite ocean color observations have also shown distinct difference of ocean optical and
biogeochemical properties over a spring-neap tidal cycle (Shi et al., 2011); the fresh water flux
(FWF) from the Changjiang diluted water is found to contain spring-neap signals, too (it is
usually maximized during the spring tide) [13, 14]; and, more importantly, there has been
evidence that the spring-neap cycles may potentially affect the YSCWM in fall [15]. However,
there has been rare attention to the influence of the spring-neap cycle on the generation and
evolution of the SCPs. The study as of today is Huang et al. [16], which will be briefly
summarized here. In the following, we first give a brief description of the seasonal evolution
of the SCPs (Section 2) and then set up a three-dimensional (3D) model to test the hypothesis
(Section 3). Section 4 provides a validation of the results. Based on the model results, Section 5
gives a detailed analysis of the effects of the spring-neap tidal cycles on the SCPs. This article is
summarized in Section 6.
2. The observed seasonal SCP evolution
Figure 2 shows the seasonal evolution of the Yellow Sea SCPs with the multi-year Moderate
Resolution Imaging Spectroradiometer (MODIS) SST data (2003–2016). As can be seen, the
Figure 2. Monthly SST (in C) climatology (2003–2016) based on MODIS-Aqua and -Terra measurements from May to
October. The SCPs are marked by dashed ellipses during summer time and the three lines are shown in the June map.
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SCPs usually appear in spring and decay in fall and become pronounced in summer. For a
better illustration, we follow Ma et al. [17] and compute the zonal temperature gradient
ST ¼
∂T
∂X and display in Figure 3 ∣ST ∣ for the segments off Subei coast, Shandong Peninsula,
and Mokpo (the three lines are marked in Figure 2). The annual cycles of ∣ST ∣ are obvious.
Defining the 0.03C/km isoline as the boundary of the SCP off Subei coast, we then see that the
SCP first emerges in May, flourishes in summer, and disappears in late August. Likewise, by
defining the 0.05C/km contour as the boundary, we can have the evolution of the Shandong
SCP (Figure 3b), which is by observation stronger than its Subei counterpart. It forms in late
April, and lasts through late September, with its maximum in June and July. The Mokpo SCP
can also be demarcated by the isoline of 0.05C/km. It is found to emerge in May, lasting
through October until it completely disappears.
3. Model setup
We adopt the ECOM-si model developed at East China Normal University [14] to achieve our
goal. The model domain encompasses the entire East China Sea (including Yellow Sea, Bohai
Figure 3. Annual cycles of the ∣ST ∣ (from MODIS) off (a) Subei coast (122.2
E–122.5E, 33.7N), (b) Shandong Peninsula
(122.7E–122.9E, 37.35N), and (c) Mokpo (124.8E–125.3E, 34.4N). Units are K/km.
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Sea, and East Sea) and parts of the Pacific Ocean and the Japan Sea, with an open boundary
roughly parallel to the Ryukyu Islands. This model has a resolution varying from several
hundred meters near the Changjiang River mouth to 2–3 km in the open ocean. Vertically
there are 20 terrain-following sigma levels. Besides, a wet/dry scheme is included with a
critical depth of 0.25 m. Wu et al. [18] found that the inclusion of inter-tidal flats is very
important in simulating the Changjiang plume.
The open boundary conditions include specified shelf and tidal currents. The former is
extracted from the daily Hybrid Coordinate Ocean Model (HYCOM) data with a horizontal
resolution of 1/12, the latter is specified with harmonic constants as determined by Wu et al.
[13]. The boundary and initial conditions of salinity and temperature are extracted from the
daily HYCOM and Simple Ocean Data Assimilation (SODA) datasets, respectively, and the
surface fluxes (heat and momentum fluxes) are derived from the European Centre for
Medium-Range Weather Forecasts (ECMWF) dataset (with a time resolution of 6 hours). For
more details, see Wu et al. [13, 14].
The integration begins on January 1, 2008. After 1 year’s spin-up, the model reaches a statisti-
cal equilibrium. In the following, the hourly outputs for the summer time (July–August) from
2009 to 2013 will be used.
4. Validation
4.1. Temperature
Our focus is the summertime SCPs, so we look only at simulation for July and August. Data
used for validation span an extended multi-year period from 2009 to 2013.
We first compare the model results with historical in situ observations. Figure 4 shows such a
comparison between the cruise data from Korean Oceanographic Data Center (KODC) and
Figure 4. (a) KODC hydrographic mean SST in summer time from 2010 to 2013 (22 Aug 2010–27 Aug 2010; 1 Jul 2011–5
Jul 2011; 10 Aug 2012–18 Aug 2012; 13 Aug 2013–20 Aug 2013). (b) As (a), but for modeled SST. Contours denote the
bathymetry of the Yellow Sea (contour interval: 25 m).
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National Fishers Research and Development Institute (NFRDI). From it, we see that the
simulation has produced satisfactory results comparable with the cruise observations, with
an error tolerance within 2C.
A comparison of themodel results with theMODIS also shows good agreement. Figure 5a and b
are the observed (MODIS) and modeled monthly mean SST from July to August, respectively.
Generally, the latter agrees well with the former, although the modeled SST off Subei coast is
warmer than the MODIS SST by 1–2C. From both distributions, four SCPs are evident; they are
located off Subei Bank, off Chengshanjiao (Cheng Shan Point in the east of Shandong), in
Kyunggi Bay, and off Mokpo. Their intensities are also in good agreement, except for that of the
two along the Korean coast. Nonetheless, the simulated Mokpo SCP is still satisfactory, though it
is too strong by comparison. The problem is with the Byunggi Bay SCP, which is not well
reproduced in the model. This is because (1) the model does not have enough resolution around
the bay (data unavailable), and (2) the Han River discharge into the Bay is not included (also due
to a lack of data). We have tested with some artificial runoff but it seems that the SCP simulation
in the bay is essentially not affected, so the poor bathymetry resolution in the eastern part of the
Yellow Sea may be blamed. But, anyhow, our focus will be the SCPs off Subei, Shandong, and
Mokpo, which will not be influenced by the unsatisfactory simulation of the SST around the
Kyunggi Bay.
4.2. Tides
Tides are pivotal to the SCP formation; their successful simulation is the key to this study.
Figure 6 shows the modeled cotidal charts for the four major constituents M2, S2, K1, O1, N2,
and P1. From the semidiurnal tides (M2 and S2), we particularly see two amphidromic points
in the Yellow Sea (located off Chengshanjiao and Haizhou Bay). These, among other features,
agree well with satellite observations and previous model results such as Fang et al. [19], Lu
et al. [8], Ren et al. [11], to name a few. Our model simulation is hence validated.
Figure 5. Distribution of the monthly mean SST (C) from July to August for 2009–2013 from (a) MODIS and (b) model
result. The SCPs are marked by dashed ellipses.
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5. The tidal cycles of the Yellow Sea SCPs
First, look at the evolution of the Subei SCP. For this purpose, a point east of the Subei Bank or
Subei Shoal is chosen to plot the time series of the modeled temperature. This is the station A
(122.3E, 33.7N), as marked in Figure 5b. Figure 7 displays the 3-m temperature (blue) at it
from July to August for the 5 years 2009–2013. They are then band-pass filtered with a
Butterworth filter to retain only the features between 7 and 21 days and re-plotted in red. Clearly,
the spring-neap cycle exists in all the 5 years’ band-passed signals—the near surface water is
coldest (warmest) during the spring (neap) tidal phases. For the vertical distribution at the
station, the cycle is also obvious. Figure 8 displays the 2012 sequence of the profiles of temper-
ature, vertical velocity, vertical diffusivity, horizontal speed, and the reconstructed tidal current
magnitude and surface elevation, from which the spring-neap variations are clearly seen.
The variations of the above oceanic fields provide a possible explanation for the corresponding
SCP cycle. During the spring tidal phases, the strong tidal mixing brings up the deep cold
water, while the upwelling supplies cold water from the subsurface layer. During the neap
tidal phases, the tidal mixing is minimized, and the upwelling in the upper layer is weak. The
deep cold water cannot be brought to the surface and, accordingly, the SCP is suppressed. For
Figure 6. Simulated cotidal charts for (a) M2, (b) S2, (c) K1, (d) O1, (e) N2, and (f) P1 tidal constituents. Dashed and solid
lines denote phase lag (degree; referred to Beijing standard time (UTC+8)) and amplitude (cm), respectively.
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example, on July 13 (Day 13) and August 12 (Day 43), a strong stratification is established in
the absence of mixing and convection; the upper layer water becomes warmer, and hence the
SCP fades away.
Figure 7. Time series of modeled temperature (C) at station A from July to August for 2009–2013. Blue: Raw time series;
red: band-pass (7–21 days) filtered time series. The asterisk indicates the time of spring tide, while the circle marks that of
neap tide.
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The SCP has a vertical structure which also experiences a variation over the spring-neap tidal
cycle. Figure 9 shows a sequence of the temperature on the cross-section along the latitude
33.7N, from 121.5E to 123.5E in August 2012. From the figure, we see that, on August 4, 2
days after the new moon, the SCP reaches its maximum strength, with the 23C isotherm line
outcropping to the surface. On August 11, just 2 days after the first quarter moon, the outcrop-
ping isoline is 26C, which, however, is completely suppressed during August 12–16. The
spring-tide SCP temperature may differ from the neap-tide SCP temperature by as large as
3C. Obviously, tides along cannot account for all the SCP formation; the effect of the spring-
neap tidal variation cannot be ignored.
To contrast the spring tidal temperature from the neap tidal temperature, we, respectively, take
the means of the temperatures on the spring tide days (defined as 2 days after new or full
moon) and neap tide days (2 days after quarter moon) in summer for all the 5 years during
2009–2013. The mean temperatures are shown in Figure 10a and b; also shown is their
difference (Figure 10c). The large difference in both structure and magnitude implies that the
previous analysis simply based on the monthly mean fields cannot tell the whole story.
Particularly, the large difference in temperature, as shown in Figure 10c, happens to take place
in the region where the SCP forms, corresponding well to the spring-neap variation. Therefore,
for the region off Subei Bank, we may safely say that the formation of the summertime SCP is
mainly induced during the spring phase because of the pronounced tidal effect. In the days of
Figure 8. Time-depth distribution of the modeled and reconstructed data at station A (Figure 5b) from July to August
2012. The rows from top to bottom are (a) temperature (C), (b) vertical velocity (ms1), (c) vertical diffusivity (m2 s1), (d)
horizontal current (ms1), (e) reconstructed tidal current velocity (ms1), and (f) surface elevation (m). The asterisk
indicates the time of spring tide, while the circle denotes that of neap tide.
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neap tides, such as August 14–16, 2012, with the establishment of strong stratification, the
weak tidal effect cannot have the deep cold water brought up to the surface, and the SCP may
completely be suppressed.
Another conspicuous SCP along the China coast is the one off Shandong Peninsula. Following
the same procedure as above, we pick a representative point or “station” B at (122.7E, 37.1N),
as marked in Figure 5b, for the analysis. Shown in Figure 11 are the original and band-pass
filtered temperature series at the point. Compared with that of Figure 7, the spring-neap varia-
tion at B is much weaker; its maximal magnitude is less than 1C (2C in Figure 7). The
evolutions of the vertical structures of the fields at B are also distinctly different from those at
A, as drawn in Figure 12. This is particularly true for the vertical velocity (Figure 12b), which is
not only weaker than its counterpart at A (off Subei Bank) but also tends to be homogenized
over the spring-neap cycle and vertical diffusivity (Figure 12c), which implies that the here tidal
mixing is strong during the spring phases, and hence the water column tends to be more
homogeneously distributed in the vertical direction. It has been reported that tidal mixing plays
the dominant role in inducing the Shandong Front [8, 11]. Our results are in agreement with this.
Following what we did in Figure 10, we draw the mean temperature profile along the latitude
37.1N off the tip of Shandong peninsular (marked in Figure 5b) for both the spring and neap
tidal phases (Figure 13a and b). What makes a remarkable difference from that in Figure 10 is
the insignificant difference between Figure 13a and b. In fact, the spring and neap profiles here
look quite similar (the difference is shown in Figure 13c), in sharp contrast to those off the
Figure 9. Temperature profiles along 33.7N from August 1 to August 31. The 22–26C isolines (with a 1C interval) are
contoured.
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Subei Bank. By this observation, the previous studies on SCPs using the monthly mean
temperature data may be appropriate only for the cold patch off Shandong.
Previously, Ren et al. [11] suggested that tidal mixing is the key to the formation of the
Shandong Front, while off Subei Bank, the Subei Front results from collaboration of both tidal
Figure 10. Section profiles of the (a) spring mean, (b) neap mean, and (c) their difference (spring minus neap) temperature
along the 33.7N, from 121.5E to 123.5E off the Subei coast.
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induced upwelling and tidal mixing. The different generating mechanisms may be reflected in
the temperature distribution, and hence we see different temperature variations over the
spring-neap cycle at the two stations A and B.
The third SCP in the Yellow Sea, the SCP off Mokpo southwest of Korean Peninsula, is
somehow different from both its counterparts in the western Yellow Sea. Again, we choose a
representative point C at 125.6E, 34.7N (cf. Figure 5b), and analyze the temperature series at
it (Figure 14). Similar to station A (off Subei coast), the series at this station also shows
Figure 11. As Figure 7, but for station B.
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Figure 12. As Figure 8, but for station B.
Figure 13. As Figure 10, but for the profiles off Shandong Peninsula.
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significant spring-neap variations. From Figure 15, both upwelling and tidal mixing are con-
spicuous on the spring-neap cycle. During the spring tidal phases, strong upwelling and
strong tidal mixing lead to the generation of the SCP, while during the neap tidal phases, the
SCP fades away as both the vertical velocity and vertical diffusivity become greatly weakened.
As we did for Figure 10, the cross-section temperature distribution along the latitude 34.5N
off the tip of Mokpo (marked in Figure 5b) is displayed in Figure 16. Here, the outcropped
isoline on the spring profile is about 19C, while on the neap profile, it is around 21C. The
Figure 14. As Figure 7, but for station C.
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Figure 15. As Figure 8, but for station C.
Figure 16. As Figure 10, but for the profile off Mokpo.
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spring-neap difference (Figure 16c) shows a pattern just like that of Figure 10c, with a mini-
mum trapped in the near-surface below the SCP and vanishing values elsewhere.
6. Concluding remarks
The long observed SCPs along the China and Korea coasts are a conspicuous hydrographic
phenomenon in Yellow Sea. They generally form in spring, grow in summer, and decay in fall,
though the precise time may differ case by case. Using a 3D numerical model, in this study, we
have investigated how the spring-neap tidal cycle influences the formations and evolutions of
these SCPs in July and August.
The temperature variation over a spring-neap tidal cycle separated from the nonstationary
background shows that the lowest temperature occurs during spring tidal days (defined as
2 days after new moon or full moon), and the highest occurs during neap tidal days (2 days
after quarter moon). This spring-neap variation is consistent with the previous ocean color
observation by, say, Shi et al. [20], who showed that the ocean color in Yellow Sea varies on a
period largely equivalent to a spring-neap tidal cycle, with the largest (smallest) turbid water
coverage 2–3 days behind the new/full (quarter) moon. This variation is the most conspicuous
for the SCPs off Subei Bank and off Mokpo, while for the Shandong SCP, it is not significant,
suggesting that the underlying generating mechanism could be different. Indeed, the time-
depth distributions of temperature, vertical velocity, and vertical diffusivity off Subei Bank
show that the mixing is weak, and vertical velocity is small in the neap tidal phase, and, as a
result, strong stratification is established, suppressing the upwelling and subsequently the
SCP; on the other hand, the SCP is enhanced in the spring phase, thanks to the strong
upwelling and tidal mixing which bring the deep cold water upward through the thermocline
to the surface. The Mokpo SCP bears a similar variable scenario. The Shandong SCP, however,
does not show significant variation over a spring-neap cycle. Its formation is mainly through
tidal mixing, in contrast to the Subei SCP and Mokpo SCP. But here the tidal mixing alone
makes a relatively homogeneous temperature distribution in the vertical direction. This pre-
vents the influence of the spring-neap cycle from taking effect on the vertical movement of
deep water, yielding an insignificant spring-neap variation. The composite analysis of the
MODIS SST data and buoy observations also support these observations.
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